Abstract-Traditional direction-of-arrival (DoA) estimation algorithms for multielement antenna arrays (AAs) are not directly applicable to reconfigurable antennas due to inherent design and operating differences between AAs and reconfigurable antennas. In this paper, we propose novel modifications to the existing DoA algorithms and show how these can be adapted for real-time DoA estimation using two-port composite right/ left-handed (CRLH) reconfigurable leaky-wave antennas (LWAs). First, we propose a single/two-port multiple signal classification (MUSIC) algorithm and derive the corresponding steering vector for reconfigurable LWAs. We also present a power pattern cross correlation algorithm that is based on finding the maximum correlation between the measured radiation patterns and the received powers. For all algorithms, we show how to simultaneously use both ports of the two-port LWA in order to improve the DoA estimation accuracy and, at the same time, reduce the scanning time for the arriving signals. Moreover, we formulate the Cramer-Rao bound for MUSICbased DoA estimation with LWAs and present an extensive performance evaluation of MUSIC algorithm based on numerical simulations. In addition, these results are compared to DoA estimation with conventional AAs. Finally, we experimentally evaluate the performance of the proposed algorithms in an indoor multipath wireless environment with both line-of-sight (LoS) and non-LoS components. Our results demonstrate that DoA estimation of the received signal can be successfully performed using the two-port CRLH-LWA, even in the presence of severe multipath. Index Terms-Cramer-Rao bound (CRB), directional antennas, direction-of-arrival (DoA) estimation, leaky-wave antennas (LWAs), measurements, multiple signal classification (MUSIC).
I. INTRODUCTION
A DAPTIVE antenna systems have gained significant attention for potential use in next generation wireless systems. These antennas have been shown to provide additional gains in both single user [1] - [3] and multiuser [4] , [5] multipleinput multiple-output (MIMO) systems. They have also been shown to be useful for applications such as positioning for user tracking and location-based services in WiFi networks [7] and localization [6] .
Adaptive antenna systems can steer the main beam to a desired direction while spatially nulling the power in undesired directions to avoid interference [8] . Direction-of-arrival (DoA) estimation algorithms have played an important role in the practical implementation of antenna arrays (AAs) [9] , and the importance of DoA estimation and directional communications will even be emphasized in the future networks. For instance, 5G ultradense networks are expected to consist of access nodes with roughly 50-m intersite distances outdoors [10] , which consequently increase the probability of line-of-sight (LoS) conditions approximately to 70% [11] , [12] . Thus, the significance of spatial directions and estimated DoAs will obviously be higher than in the conventional radio networks. In addition to spectrum reuse and interference avoidance, estimated DoAs can be used for device localization. An example of localization using sectorized antennas and an antenna model that is also valid for leaky-wave antennas (LWAs) can be found in [13] .
Adaptive antennas can be categorized into two classes: 1) phased arrays and 2) reconfigurable antennas. Traditionally, phased array systems use an array of many elements to control the beam direction and radiation pattern shape [14] , [15] , resulting in very large form factors, e.g., at WiFi frequency bands. Due to these form-factor limitations, beamforming and DoA estimation techniques are more feasible to deploy in the case of large base station devices [16] . In contrast to large AAs, the class of composite right/left-handed (CRLH) reconfigurable LWAs [17] does not require multielement AAs or feeding networks [18] . In practical scenarios, LWAs have many other advantages. The first advantage of the LWAs is the wide spatial direction range in beamsteering. In [19] and [20] , a planar phased array hardly reaches ± 40°while LWAs can easily steer the beam up to ± 60°. The second benefit is the cost: a single LWA costs much less in terms of substrate area and a number of lumped components with respect to a phased array that uses multiple antenna elements with each antenna element connected to a radio frequency (RF) converter and an analog-to-digital (A/D) converter. In addition, LWAs have a low dc power consumption. The third advantage is the small size of the antenna: the minor printed circuit board area required by an LWA as opposed to a phased-array designed at the same frequency. Finally, there has been increased academic [3] - [5] , [17] , [22] and industrial interests [23] in traveling wave antenna technologies. By considering these advantages, particularly compactness and beamsteering, CRLH-LWAs have a great potential to be used in DoA estimation systems.
Several DoA estimation algorithms for conventional AAs have been proposed in [24] - [28] . However, these conventional algorithms cannot be directly used for DoA estimation and beamforming using CRLH-LWAs due to the inherent difference in design and operation of the LWAs versus traditional AAs. The reason for this difference is that using an LWA, only a single observation is available at each sampling instance, unlike in conventional AAs where signals can be observed from different elements of the AA [29] . For example, the conventional multiple signal classification (MUSIC) algorithm generates a spatial correlation matrix of the signal samples received from the elements of an AA [24] . In addition, the performance of this algorithm is noticeably influenced by different array characteristics, for example, a number of elements, array geometry, and the mutual coupling interactions between AA elements [30] , [31] . These problems can potentially be avoided or reduced using the CRLH-LWA. Due to the inherent difference in design of the CRLH-LWA, our single/two-port MUSIC algorithm uses M received signals-each obtained with a different radiation pattern-that are measured from two antenna ports. Then, a correlation matrix can be formed using these M received signals, as discussed preliminarily in [32] .
There are only a limited number of papers where DoA estimation algorithms are proposed for LWAs. In [7] , an energy-based DoA estimation system is evaluated at a fixed frequency employing a CRLH-LWA. In [33] , the DoA of the wideband pulsed signal is estimated from the cross-correlation coefficients using the received spectra of the antenna with a predetermined incident angle-dependent spectra. DoA estimators that assume a noncooperative transmitter (TX) and that are applicable to sectorized antennas, such as an LWA, are proposed in [34] . Similar work for DoA estimation has also been reported independently in [35] and [36] that use the MUSIC algorithm for CRLH-LWA. In [35] , only experimental results are presented and it is not shown how the MUSIC algorithm can be formulated using LWAs. Furthermore, Vakilian et al. [35] , [36] introduce only experimental studies of MUSIC algorithm in an anechoic chamber and the antenna uses only one antenna port at a time. Further, in [37] and [38] , reactance domain MUSIC [37] and unitary MUSIC [38] algorithms for electronically steerable parasitic array radiator (ESPAR) antennas are introduced. In all these papers, the DoA estimation was performed using a single port antenna.
In this paper, we formulate and analyze the experimental performance of two modified DoA estimation algorithms with a two-port CRLH-LWA: 1) single/two-port MUSIC; 2) power pattern cross correlation (PPCC). In addition, the performance of these two algorithms is qualitatively compared to a low-complexity power detector (PD). In order to assess the performance of the MUSIC algorithm, we first formulate the respective Cramer-Rao bound (CRB), simulate the performance of the estimators, and compare the estimators to the CRB. Finally, these results are also compared to DoA estimation performance with AAs.
In [32] and [39] , we presented the performance of the single/two-port MUSIC algorithm in an anechoic chamber. In contrast to these studies and other DoA estimation techniques in [34] - [38] , we explore, in this paper, the DoA estimation capabilities of a two-port CRLH-LWA in a realworld multipath indoor environment and using both antenna ports at the same time. Thus, we also take advantage of the beam symmetry characteristic of LWAs by steering bi-directional beams. As a result, the overall signal acquisition and estimation time are halved, and the length of the periodical training sequence can be truncated. In addition, the algorithms can also be used in MIMO systems. This paper is organized as follows. Section II introduces a detailed description of the CRLH-LWA design. Section III presents the DoA estimation algorithms for a compact CRLH-LWA. Analytical performance bound and simulationbased algorithm performance evaluations are presented in Section IV. In Sections V and VI, the experimental setup and measurement results are described and analyzed, respectively. Finally, conclusions are drawn in Section VII.
Notation: We use capital bold letters to denote matrices and small bold letters for vectors. H −1 , H † , and H T denote the matrix inverse, Hermitian and transpose operation, respectively. The complex conjugate is denoted by (·) * . For deterministic signals s(k), the expectation operator is defined as in [42] 
Given a real-valued quantity x, y = x denotes the closest integer such that y ≤ x.
II. COMPOSITE RIGHT/LEFT-HANDED LEAKY-WAVE ANTENNAS
LWAs are a class of radiating elements based on the concept of the traveling-wave behavior [17] . As opposed to conventional resonating-wave antennas, when an RF signal is applied to the LWA's input port, the traveling wave progressively leaks out energy as it travels along the waveguide structure. The radiated beam will exhibit a main lobe normal to the plane of the antenna with directivity strictly related to the leakage phenomenon.
The reconfigurable CRLH antenna is a periodic LWA structure made by a cascade of metamaterial unit cells [21] . The unit cell is designed in such a way that the propagation constant β sweeps within the radiated region of the dispersion Fig. 1 . Picture of the fabricated CRLH-LWA, with the details of a single unit cell and relative circuit model. curve: |β| < k 0 where k 0 is the free space wavenumber [17] . Each unit cell is populated with two varactor diodes in series and one in shunt configuration. The CRLH behavior is determined by designing the unit cell with proper series capacitance (Y S ) and shunt inductive component (Y SH ) through a microstrip stub. The propagation constant β along the waveguide structure can be electronically modulated from lefthand (β < 0) to right-hand (β > 0) regions through the two dc voltages V S and V SH . As depicted in the inset of Note that the LWA consists of multiple cascaded unit cells and operates as a single antenna entity whose beam is steered by tuning the control voltages. This is a very fundamental difference compared to multielement AAs where the signals can be observed and processed from different RF branches and eventually combined after phase shifting.
In order to achieve the maximum beam coverage by switching between the two input ports, we have optimized the design within the left-hand region (β < 0). In other words, when port 1 is used the beam can be steered from 0°to −60°, while switching to port 2 the beam covers the symmetrical quadrant from 0°to +60°as illustrated at the LWA sketch in Fig. 2 . The beam can be electronically steered from broadside θ 1 = θ 2 = 0°to off-broadside directions: to the left when θ 1 < 0°a nd to the right when θ 2 > 0° [17] . The relationship between propagation constant β and the beam steering angle θ can be expressed as
In order to reduce the antenna form factor and enhance the radiation efficiency, we selected a 1.6-mm-thick Rogers 4360 substrate, characterized by a relatively high dielectric constant r = 6.15 and low loss tangent = 0.003. The single unit cell, as well as the overall structure, was designed using a full-wave simulator and tuned to operate within the entire 2.4-GHz 802.11 WiFi band. In LWAs, the directivity of the radiated beam is directly proportional to the number of cascaded unit cells. In our design, we choose to cascade N = 12 unit cells in order to keep an overall small form factor while preserving a good radiated gain, on the order of 5 dBi. Unlike, the previous LWA models [22] where the dc bias was provided using long λ/4 microstrip transformers, the use of lumped and folded solutions allows for a further size reduction of the LWA design. The resulting dimensions of the milled prototypes are 156 mm in length and 38 mm in height.
Radiation pattern measurements at the frequency of 2.46 GHz were carried out within the anechoic chamber facility. As shown in Fig. 3 , each radiation pattern was taken with 1°resolution and the measured gain is 4 to 5 dBi. A slight gain reduction occurs for angles above θ = ± 50°due to the natural CRLH behavior for which the propagation constant β starts to leave the radiated region approaching the propagated regime. Each beam can be generated individually or, when using both ports, the positive (dashed line) and negative symmetric beams (solid line) will exist at the same time.
Comprehensive input impedance characterization was performed using a vector network analyzer, measuring return loss as well as isolation of the two LWA ports. The return loss curves S 11 and S 22 describe the impedance matching between a 50-feed line and the two antennas' input ports. As depicted in Fig. 3 , both input ports exhibit a −10-dB bandwidth greater than 100 MHz, ensuring good impedance matching from 2.4 to 2.5 GHz with all control voltages. On the other hand, the curve S 21 determines the isolation between the two LWA ports and for all the configurations the values fall below −15 dB. Such a relatively high isolation allows the LWA to be effectively used as a two-element AA in a 2 × 2 MIMO system.
In our analysis, we exploit the additional feature of beam symmetry in LWAs, i.e., when both antenna ports are used and the antenna generates two symmetrical beams with respect to the broadside θ = 0°direction. For example, if V S and V SH are set for a 60°configuration and both RF ports are used simultaneously, the resulting beam exhibits two main lobes at +60°and −60°. In the next section, we will show that this feature can significantly decrease the processing time during the DoA estimation.
III. MODIFIED DoA ESTIMATION ALGORITHMS
FOR COMPACT CRLH-LWA In this section, we present three different DoA estimators specifically designed for LWAs: a modified single/two-port MUSIC, the PD, and the PPCC algorithm. The first algorithm is variant of the popular MUSIC algorithm that we have modified to work with LWAs, while the last two algorithms are based on evaluating the received powers for different voltage sets. The algorithms are meant to work with microstrip LWAs, but any other LWA structure, such as nonmicrostrip LWA, can also take advantage of them as long as the antennas are electronically reconfigurable. In the following sections, we will be using ϕ to denote the DoA andφ an estimate thereof.
A. Single/Two-Port MUSIC Algorithm
Conventionally, the MUSIC algorithm [24] calculates the spatial correlation matrix using the signals received by multiple elements. In this section, we show how the spatial capabilities of the conventional AA can be virtually generated with the CRLH-LWA and how the correlation matrix can be calculated when using the two-port LWA.
The first step is to measure the same transmitted signal u(k), M times through M different beams. In this way, we can recreate spatial diversity due to M observations of the same signal but with different radiation patterns. Using both ports of the LWA simultaneously, we can receive two signals, namely, y 1 (k) and y M (k), at a time from two symmetrical directions. Consequently, the time for the signal repetition is halved compared to the work in [32] and [39] . With the LWAs, the M × 1 received signal vectory(k) can be defined as
where k is the received symbol index, z(k) denotes an M × 1 additive white Gaussian noise vector where the elements have variance equal to σ 2 , and a(ϕ) is the M × 1 steering vector.
The mth element of the steering vector can be expressed as
with m = 1, . . . , M and
where G m is the measured antenna gain (in linear scale) of set m, ϕ is the angular direction of the received signal, θ m is the main beam direction of the LWA with control voltage set m, and
is an exponential function with a leakage factor α. The initial value of the exponential function I 0 = 1, with structure period d [17] . Note that the normalization (4) results in maximum gains that are exactly the same as the measured maximum gains. The MUSIC algorithm is based on the noise subspace analysis. In order to find the noise subspace matrix, we first need to estimate the covariance matrix from the received signal. The estimated covariance matrix can be presented aŝ
where N s denotes the number of samples. Then, the covariance matrix is decomposed by the eigenvalue decomposition (EVD), resulting in
Here,
is a diagonal matrix of the largest estimated eigenvalues, and L is the number of incident sources. In addition,
Once the eigenvectors of the noise subspace are estimated, the MUSIC pseudospectrum can finally be generated as
The DoA is then estimated as the angle where the pseudospectrum P MUSIC (θ ) attains its maximum, that iŝ
B. Power-Based DoA Estimators
In this section, we introduce the PD and PPCC algorithms. Both of these algorithms are based on the received powers, which are calculated as
for every voltage set m where m = 1, …, M. 1) Power Detector: First, we present the simple PD that is based on finding the maximum received power. However, due to varying gains for different voltage sets, we first normalize each power yielding the gain-normalized powers P 
Obviously, the complexity of the PD is very low. However, the resolution of the algorithm is also very coarse and ultimately limited by the number of control voltage sets M.
2) Power Pattern Cross Correlation Algorithm: PPCC, which was introduced for ESPAR antennas in [40] , calculates the cross-correlation coefficient between the measured powers (9) and the measured radiation patterns, D m (θ ), m = 1, . . . , M for several directions θ . In this paper, we show how to apply PPCC to LWAs. Toward that end, we first normalize the measured radiation pattern D m of each voltage set m according to
Next, we calculate the normalized received powers given by
Thereafter, the cross-correlation coefficient is obtained as
Finally, the DoA is estimated as the angle that maximizes (13) , that isφ
PPCC yields more accurate DoA estimates than the PD. However, the cost of the cross-correlation computation increases with the resolution of θ . Thus, the complexity of PPCC is larger than that of the PD. Compared with the MUSIC algorithm, on the other hand, PPCC has a much lower complexity, since PPCC neither relies on EVD nor on computationally intensive matrix multiplications.
IV. ANALYTICAL PERFORMANCE BOUND AND ALGORITHM PERFORMANCE
In this section, we first formulate the CRB on MUSIC DoA estimation with LWAs. Thereafter, we compare DoA estimation with LWAs to DoA estimation with AAs in terms of the analytical CRBs and simulated performance.
A. Cramer-Rao Bound
The CRB is a lower bound on the variance of any unbiased estimator. In general, the CRB is derived as the inverse of the Fisher information matrix [41] . However, in this paper, we will use related work as the basis for our CRB formulation such that we do not have to derive the CRB from scratch. Toward that end, we refer to the seminal work [42] that deals, among other things, with the CRB on a set of estimation problems encountered in array signal processing. For n signals impinging on an AA of m elements, the signal model in [42] is written as
where y (t ) ∈ C m ×1 is the received signal vector, x (t ) ∈ C n ×1 is the vector of impinging signals, e (t ) is additive noise, and
. . , n , which are a function of the parameter ω i that we want to estimate. In this paper, we consider only a single impinging signal, thus n = 1, i.e., x (t ) reduces to a scalar, A (ϑ ) = a(ω 1 ), and we estimate only a single parameter ω 1 . Comparing next our MUSIC signal model (2) with (15), we notice that they are in fact structurally identical if we set
, and e (t ) = z(k).
In the derivation of the CRB in [42] , it is only assumed that x (t ) is deterministic, but unknown to the receiver (RX). While all the elements of y (t ) in (15) originate from the exact same moment in time, the elements of y(k) in the LWA-based model in (2) originate from M/2 different moments in time.
However, under the assumptions made in Section III, these two signal models are structurally identical, and thus the signal model and assumptions in [42] are indeed compatible with our problem formulation. Consequently, we can formulate the CRB for the MUSIC algorithm with LWAs based on [42] as
with
In (16) and (17), a ϕ = (∂a/∂ϕ) stands for the derivative of the steering vector with respect to the DoA, where the elements become
for the LWA for which a m is given in (3).
B. Comparison to Antenna Arrays: CRB and Performance Simulations
In this section, we compare the DoA estimation with the LWA to the DoA estimation with AAs in terms of the CRB and simulated performance. Toward that end, we first note that the DoA estimation CRB for AAs is also given by (16) when replacing a with the corresponding steering vector for AAs. In this comparison, we will consider a linear AA since it is structurally similar to the considered LWA. For a linear array with M A elements, the elements of the M A × 1 steering vector are given by
where d A is the spacing of the antenna elements. Correspondingly, the derivative of the steering vector with respect to the DoA is given by
The LWA considered in this paper, and also used in later sections for actual RF measurements, has a length of l = 156 mm. For a fair comparison, the AA should have a comparable length. In order to achieve this size constraint, we have two options. In order to enable a fair comparison of the LWA to the AAs, let us define the signal power P u as the power that we would measure after receiving the signal with a unity-gain isotropic antenna, i.e., P u is simply the power of u(k). In our simulations, we then define the signal-to-noise ratio (SNR) that we would measure after reception with the isotropic antenna as
where z i (k) is an arbitrary element from z(k) (assuming that the elements are iid).
In the simulations, we generate a received signal according to the signal model (2) . We use orthogonal frequencydivision multiplexing (OFDM) with 48 active subcarriers as the physical (PHY) signal waveform. To match the simulationbased experiments with the used LWA, the antenna is selected to have 6 modes with the 12 main beam directions θ m = ±10°, ±20°, …, ±60°. For steering vector generation, we use the measured antenna gains G m that are given in Table I under   TABLE I   RADIATION CHARACTERISTICS OF THE CRLH- Section V. In all estimation cases, we use 100 complex inphase/quadrature (I/Q) samples for estimating the DoA. Note that the estimation is done prior to fast Fourier transform (FFT) processing. Fig. 4 depicts the CRB and the simulated performance of MUSIC, with the LWA as well as with AAs, as a function of the DoA. Here, the SNR is fixed to 10 dB and the direction of the incoming signal is swept from −60°to 60°with a resolution of 0.01°. The results are averaged over 500 signal realizations for each DoA, and an additional averaging over 100 consecutive DoAs takes place for mitigating the effects of the discretized directions of the incoming signal. Based on the root-mean-squared error (RMSE) depicted in the figure, we observe that the CRB is less than 1°over the whole DoA range in all cases. Moreover, it is evident that the overall best performance is achieved with the AA consisting of M A = 12 elements. However, the second best overall performance is achieved with the LWA, whereas the AA with M A = 3 elements results in the worst overall performance. The simulated results, in turn, show that the MUSIC-based DoA estimation with the LWA as well as AAs has a DoA RMSE of less than 0.7°and reaches a performance close to the corresponding CRBs. In fact, it was shown in [42] that the MUSIC algorithm is asymptotically (for large N s ) unbiased. As discussed earlier, the results from [42] also apply to LWAs, as long as the steering vector is properly defined, and hence, the proposed MUSIC algorithm for LWAs is asymptotically lower-bounded by the CRB. Based on the results in Fig. 4 , DoAs around 0°are estimated with the highest accuracy, while the accuracy then decreases the further the DoA is from the antenna broadside. In order to understand this behavior, it is useful to realize that the CRB in (16) depends on the actual antenna only via the function h(ϕ), which, in turn, can be factorized into ||a|| 2 
and g(ϕ).
The dependence of these two factors on the DoA for all three antennas and SNR = 10 dB is depicted in Figs. 5 and 6 . In order to minimize the CRB, both ||a ϕ || 2 and g(ϕ) should be maximized. Now, ||a ϕ || 2 = M m=1 |[a m ] ϕ | 2 is an indication for the sensitivity of the steering vector toward changing DoAs. From Fig. 5 , we see that the AA with M A = 12 results in the largest ||a ϕ || 2 , followed by the LWA and the AA with M A = 3. The observation that ||a ϕ || 2 is the smallest for the AA with M A = 3 is simply explained by the fact that ||a ϕ || 2 increases with increasing M, i.e., the dimension of a. If we were to compare the element-wise average of M A . Thus, on average, elements of the AA steering vector are more sensitive to changes in the DoA compared to the elements of the LWA. This is one of the reasons for the behavior of the CRBs that we have observed in Fig. 4 .
Apart from the differences in the magnitude of the CRBs, we also observe that the DoA CRB of the LWA is a stronger function of the DoA itself compared with the DoA CRB of the AAs (see Fig. 4 ). In fact, for DoAs ϕ ≈ 0, the LWA is performing almost as good as the AA with M A = 12. As illustrated in Fig. 6 , this is due to the factor g(ϕ) that is a strong function of the DoA for the LWA, whereas it is independent of the DoA for the AAs.
Finally, Fig. 7 illustrates the CRB and performance of the MUSIC algorithm as a function of the SNR. Now, the SNR is swept from 0 to 20 dB with 1-dB steps. For each SNR value, we sweep the DoA from −60°to 60°with 0.01°s teps. The results are averaged over all DoAs and 100 signal realizations for each SNR. Again, the AA with M A = 12 elements performs the best while the LWA has the second best overall results and the array with M A = 3 antennas has the worst results. With low SNRs, the differences are the highest whereas with the SNR of 20 dB the simulated performance is practically the same with all cases and the CRBs have only very small differences between each other. The difference between the simulated curves and CRBs, in turn, is caused by the discretization of the MUSIC pseudospectrum, generating a nonzero bias even for high SNR. In further simulations for selected high SNR points with an increased resolution of the pseudospectrum, we have seen that the performance of MUSIC can get arbitrarily close to the CRB. This is due to a vanishing bias with increasing resolution. We can, hence, conclude that the proposed MUSIC DoA estimator for LWAs is efficient for high SNR. In summary, it is possible to design an AA that is capable of estimating DoAs with a better performance than the used LWA, while at the same time having similar PHY dimensions. However, such an AA would require more than M A = 3 antenna elements and would thus have an increased hardware complexity compared to the LWA since the AAs, especially if combined with digital beamsteering, require a complete RF chain per individual antenna element. What is also noteworthy is that we have not considered mutual coupling effects between the antenna elements in the arrays in this analysis. As is well known, the smaller the distance between antenna elements, the bigger the mutual coupling effects [43] , [44] . Consequently, the mutual coupling effects would most probably affect the performance of the linear AA with M A = 12 elements and thus may deteriorate the DoA estimation performance. However, it is possible to mitigate these effects using compensation methods, as is shown, e.g., in [45] , also providing good operation capabilities with small antenna spacing. In practice, this would naturally require more complicated array calibration and could also increase the overall complexity of the array processing. Overall, whether an LWA is better suited for the DoA estimation than an AA is thus application-specific and boils down to a hardware-complexity/estimation-performance tradeoff. In any case, the results show that LWA type of antennas, when complemented with the digital processing and estimation algorithms proposed in this paper, can provide highly efficient and reliable DoA estimation.
V. EXPERIMENTAL SETUP A. Indoor Environment
The performance of the proposed DoA estimation algorithms is evaluated using experimental measurements performed in an indoor environment. The experiments are carried out on the premises of Drexel University. The indoor setup, as shown in Fig. 8 , is a closed lobby with stairs and glass walls. In this typical lobby setting, we anticipated both LoS components as well as non-LoS (NLoS) due to severe multipath between the transmitters (TXs) and the receivers (RXs). The layout shown in Fig. 9 depicts the arrangement of TXs and RXs in the described indoor environment. For conducting the measurements, we used three TX nodes and six RX nodes.
Each of the six RX nodes were equipped with the reconfigurable two-port CRLH-LWAs and the TXs were equipped with two standard omnidirectional antennas. We measured the lobby dimensions and transceiver antenna locations carefully with a measuring tape. In addition, LWA broadsides were steered manually toward distant reference points to obtain as precise antenna orientation information as possible. The gray arrows, in Fig. 9 , show the broadside direction θ = 0°of the RX LWAs. The real DoAs were finally calculated using basic geometry. The measurements were carried out in such a way that only one TX-RX pair was active at a time. Although we measured all TX-RX pairs, the data with TX3 were analyzed only for RX1-RX3 and RX5-RX6 since TX3-RX4 was out of the spatial scanning directions.
B. Hardware Setup and Measurement Procedure
The measurement campaign was carried out using wireless open-access research platform (WARP), a field-programmablegate-array-based software defined radio platform. Each of the TX and RX nodes was prototyped using WARP version 3 hardware and WARPLab version 7 software that is a MATLAB interface. The WARPLab interface was used to implement MIMO OFDM PHY layer code for transmission and reception of the IEEE 802.11 compliant frames. The interface was also used to centrally synchronize all the nodes, control antenna beam directions, and collect all the measurement data. The performance of the DoA estimation was evaluated in 2 × 2 MIMO-OFDM system with spatial multiplexing as the transmission scheme. The OFDM PHY was implemented with a total of 64 subcarriers where 48 subcarriers were used for loading data symbols, 4 for carrier frequency offset correction, and 12 empty subcarriers. The data were collected using a broadcast scheme where each designated TX broadcasts packets with binary phase shift keying as the subcarrier data modulation. After each transmission, all the RXs stored 300 packets each containing 5120 complex I/Q samples and then the antenna beam direction was switched for the next reception. The transmit power of the TX nodes was set to 15 dBm. All the measured data were saved for offline postprocessing and evaluating the DoA estimation algorithms introduced in Section III. The DoA estimation is done before the FFT, unlike in [32] and [39] where the DoA estimation is calculated after the FFT, and it has to be calculated separately at every subcarrier. Further, the measurements were carried out in the WiFi frequency range of 2.452 GHz-2.472 C as the LWAs were calibrated for this range.
During the experiments, both the LWA's ports received the signal at the same time, thereby reducing the scanning frequency and the number of training packets by half. Antenna ports 1 and 2 collected measurements with the following 12 antenna main beam directions: −60°, −50°, −40°, −30°, −20°, −10°, 10°, 20°, 30°, 40°, 50°, and 60°, hence implying 10°resolution limit to the PD-based DoA estimation scheme. In addition, the resolution for the radiation patterns for the PPCC algorithm is set to 10°. In contrast to PD and PPCC, the resolution for the MUSIC algorithm is set to 1°. The gains of the LWA for each control voltage set are shown in Table I . In addition, we used d = 1.3 cm and α = 1 in the measurement processing for the MUSIC algorithm. Moreover, we assume that only one signal is impinging to the RX, and thus set L = 1.
Due to the relatively high tolerances in the current antenna manufacturing process, we did preliminary DoA estimation accuracy testing with several arbitrarily selected but known DoAs for each individual antenna. Based on the DoA estimation accuracy in these tests, we selected to use radiation patterns, which resulted in the best DoA accuracy, for the measurements under consideration. Correspondingly, the radiation patterns that caused the highest estimation errors in the preliminary testing are not used in this paper. If the antennas were manufactured in a larger scale and the manufacturing tolerances were smaller, it would be enough to test the estimation accuracy only with one or very few individual antennas. Notice also that as the measurements are carried out at open WiFi frequencies with various WiFi access points within close vicinity, all WiFi traffic acts directly as cochannel interference making the measurement environment very challenging.
VI. EXPERIMENTAL RESULTS
The goal of our experimental measurements is to demonstrate and characterize LWA-based DoA estimation capabilities using the algorithms presented in Section III. Figs. 10−12 show the DoA estimation results as a function of the DoAs for the proposed single/two-port MUSIC, PD, and PPCC algorithms. The vertical lines in each plot illustrate the real DoAs for each measurement case. The figures present the best and worst DoA estimation results of the MUSIC algorithm for each TX case and corresponding DoA estimates for the PD and PPCC algorithms. DoA estimates for both the MUSIC algorithm and the power-based estimators from Section III are presented in Tables II−IV, respectively. These tables also include the individual DoA estimation errors r =φ − ϕ, r = 1, . . . , R for the R measurement cases, DoA estimation RMSE as well as the overall standard deviation (STD) s, calculated according to
where μ = (1/R) R r=1 r . Based on the results, the total RMSE, calculated over all test cases, is 11.2°and the total SD is 9.8°for the MUSIC algorithm. For the PD estimator, the total RMSE is 28.6°and the total SD is 29.5°as well as the total RMSE is 16.9°and the total SD is 15.4°for the PPCC algorithm. These experimental results show that the performance of the MUSIC algorithm is the best among these estimators. Furthermore, the PPCC algorithm also has a fairly good estimation accuracy, whereas the estimation accuracy of the PD estimator varies significantly and its performance is poor. The estimated DoAs are in good agreement with the real DoAs in the single/two-port MUSIC algorithm cases, particularly in TX1-RX6, TX2-RX4, and TX3-RX6 cases, as illustrated in Figs. 10(a), 11(a), and 12(a) . However, there are significant differences in the DoA estimation accuracy in different RX locations. The significantly worst result of TX2-RX1 for MUSIC algorithm and PD estimator, as seen in Fig. 11(c) and (d) , is most probably affected by harmful reflections from the stairs that are made of metal, concrete, and glass.
When the tables are analyzed column-wise, TX3 is evidently the most difficult to be estimated, as expected because of its location near the wall. Furthermore, TX1 and TX2 are easier to estimate by all RXs since they are located on very central places. We also see multiple peaks in Figs. 11(c) and (d) and 12(c) and (d) . The peaks are most likely caused by the multipath effects like reflections from the stairs and walls, passersby, or WiFi traffic acting directly as cochannel interference in these measurements. For the power-based estimators, i.e., the PD and PPCC algorithms, it is intuitively clear that multipath or other signals result in additional peaks in the figures. However, in the MUSIC pseudospectrum, we also observe a peak for every individual incoming path or signal. This is due to the fact that, in contrast to, e.g., white noise, all paths and signals have a spatial response and therefore appear to the MUSIC algorithm much like the LoS path of the signal whose DoA we want to estimate. It is important to note that, in practice, the total number of paths or signals that we can distinguish is limited by the resolution of the antenna, which in turn is determined by the number of radiation patterns for the LWA. Therefore, the number of peaks is still fairly small and not equal to the overall number of incoming paths and signals.
Especially in the worst result cases, the DoA estimation results for the PD and PPCC algorithms are of similar nature as with the MUSIC algorithm. If the PD estimators have no high peaks in the results or there are two or more low peaks, the MUSIC algorithm and the PPCC algorithm cannot estimate the DoA accurately. In addition, if the received signal power level is low, it is difficult to estimate the DoA. This somewhat flat response is, again, most probably caused by a weak LoS component as well as rich scattering environment causing multiple impinging non-line-ofsight (NLoS) signal paths. These phenomena can be seen in Figs Comparing all TX cases summarized in Tables II−IV , we note that the PD and PPCC algorithms do not yield as good results as the high-resolution MUSIC algorithm. In fact, the differences between the SDs and RMSEs are significant. This is in part explained by the discretization of the estimated DoAs. In the MUSIC variant as well as in the PPCC algorithm, the discretization is determined by the number of angles θ that we use in the calculation of (7) and (13), respectively. For the MUSIC algorithm, an increase in θ merely results in an increased computational complexity, while an increase in θ in the PPCC algorithm also requires an increased resolution in the measured LWA's radiation patterns. Finally, in order to increase the resolution of the PD algorithm, we would even have to increase the number of beam patterns as discussed also in [13] . In this paper, we used a discretization of 1°for the MUSIC variant and 10°for the power-based methods, which is also clearly reflected in the results.
Based on our observations in this section and in Section IV, we can sort the estimators by their performance in descending order as the MUSIC, PPCC, and PD algorithms. In addition to the above discussed influence of the resolution, this order can be explained by the information that we are using in each of the algorithms. In the MUSIC algorithm, we use the data from all voltage sets and use the information contained in the received signal through its spatial correlation characteristics. In the PPCC algorithm, we use data from all voltage sets, but we calculate our estimates only based on the received powers. In that way, we lose any information that we have about the signal itself. Finally, in PD, we again use only the received powers and no information about the signal itself. In addition, we also simply use the order of the powers according to their magnitude, but do not make any use of the powers themselves. In addition and in contrast to the PPCC algorithm, the information of the measured radiation pattern of a single voltage set is furthermore reduced to one value, i.e., the direction of the maximum gain. Fig. 13 illustrates how the RX antenna would steer the main beam using the estimated DoAs of the proposed MUSIC algorithm. Solid, dashed, and dotted lines illustrate the estimated DoAs for TX1, TX2, and TX3 cases, respectively. The estimated DoAs match with the real DoAs fairly accurately in all TX cases, except for the TX1-RX2, TX1-RX5, TX2-RX1, TX2-RX3, TX3-RX5, and TX3-RX6, where the errors are significantly larger. These larger errors are most likely caused by severe reflections and other multipath effects, passersby, and uncontrolled cochannel WiFi traffic acting directly as external cochannel interference in the measurements. In all other cases, the differences between the real DoAs and the estimated DoAs are small, especially in the TX1 case. We conclude that the proposed MUSIC algorithm and the LWA enable fairly accurate DoA estimation, despite of the very challenging demonstration and measurement environment. Moreover, our results indicate that the considered algorithms are fairly robust to time-varying channel characteristics as our measurement setup was not optimized for fast operation, resulting in measurement times that most likely exceeded the channel coherence time.
VII. CONCLUSION
In this paper, we have explored the DoA estimation capabilities of two-port CRLH-LWAs in a real-world indoor environment. Toward that end, we first proposed modifications to two DoA estimators in order to make them suitable for LWAs. In a dedicated analysis, we have then formulated the respective CRB, and simulated and studied the performance of the MUSIC-based estimator. In addition, these results are compared to DoA estimation with conventional AAs. Finally, we have evaluated the performance of all estimators also experimentally through software-defined radio platforms equipped with CRLH-LWAs.
In detail, the results of our work are as follows. The numerical analysis revealed that the MUSIC algorithm for CRLH-LWAs is practically achieving the CRB. The comparison of the LWAs with conventional arrays shows that AAs with similar PHY dimensions exist that are capable of estimating DoAs with a better performance than LWA. However, such AAs would require more than three antenna elements and would thus have an increased hardware complexity compared to the LWA. In addition, a compensation method would be needed to mitigate the unwanted mutual coupling effects if the antenna spacing is reduced significantly. However, such a compensation method requires more complicated array calibration methods and may also increase the overall complexity. In summary, whether an LWA is better suited for the DoA estimation than an AA is thus application-specific and boils down to a hardware-complexity/estimation-performance tradeoff.
In our experimental evaluation, we showed that the performance of DoA estimation is to some extent influenced by the heavy multipath effects present in an indoor environment. However, the results with the MUSIC variant show considerably good agreement with the real DoAs, demonstrating that DoA estimation of the received signal can be successfully performed using the two-port CRLH-LWA. Our results also show that the performance of the power-based PD and PPCC algorithms is worse than the MUSIC variant. However, at the same time, the PPCC algorithm and, in particular, the PD are also less computationally complex.
Based on our results, we conclude that the proposed MUSIC algorithm for DoA estimation along with the planar and compact LWA are effective solutions to enhance the performance of wireless communications and TX localization. In our future work, we are focusing on drastically reducing the LWA dimensions. From 2007 to 2010, he was a Software Engineer in a KPMG (financial service company). Currently, he is a Staff Data Scientist with GE Digital, where he was involved in the development of analytics and machine learning frameworks for industrial Internet-of-Things applications. His previous research interests included developing online learning algorithms for exploring pattern diversity in wireless systems employing electrical reconfigurable antennas. He developed online learning algorithms for optimizing link metrics for single user and multiuser wireless networks employing interference alignment. He has authored or co-authored several patents and scientific papers in the field of reconfigurable antennas state selection, DoA estimation, interference alignment, and physical layer security. His current research interests include localization and smart antennas. 
